In the low duty cycle wireless sensor network with unreliable link quality, how to meet designated delay requirements and maximize network lifetime is the focus of this study. This paper proposes the Scheduling Scheme based on Estimated-delay(SSE), which could satisfy decreasing energy consumption as well as delivery delay in the low duty cycle wireless sensor network by utilizing the estimated-delay from the current node to the destination node. We compare our SSE algorithm with other algorithms in the simulation. The results show that SSE could significantly improve the performance in the low duty cycle wireless sensor network compared with other algorithms at the same required delay.
INTRODUCTION
A critical issue in wireless sensor network is the energy consumption of the sensor nodes for that the sensor nodes are often randomly deployed in a large special area which couldn't have energy supplements. According to the research of current battery storage capacity [1] , unless there is a new breakthrough in the material, the battery storage capacity has reached a bottleneck over decades. It's impossible for the researchers to extend the short network lifetime by improving the battery of the node. Low duty cycle wireless sensor network improves the network lifetime, while it also brings new problems which include low link quality as well as long delivery delay. Using Node Scheduling Scheme to overcome the limitations in low duty cycle wireless sensor network has attracted a lot of attention. This paper studies the Node Scheduling Scheme in wireless sensor network, and then proposes Scheduling Scheme based on Estimated-delay (SSE) under unreliable link quality in low duty cycle wireless sensor network. As we know, in wireless sensor network, nodes energy is major consumed in the transmission work slot [2] , with the ability of computing in each node, the node could predict the delivery delay between it and the destination node, then select a path from it to the destination node based on the least delay. During the transfer process, each node could predict new delay based on this path to the destination node and dynamically adjust it's work slot according to it's energy as well as the required delivery delay to the destination node. Based on this, we design the Scheduling Scheme for low duty cycle wireless sensor network, to improve the performance of energy consumption under certain required delivery delay, then maximize the network lifetime. The main innovation of this paper is as follows: 1) Considering the certain quality link of the low duty cycle wireless sensor network, optimizing the delivery path which satisfies the requirement delivery delay.
2) Adjusting the work slot based on the remaining energy of the current node as well as the next node, to ensure that each node in the network could consume energy uniformly, thereby improve the whole network lifetime.
The rest of this paper is organized as follows: First of all, we summarize related work in Section 2. In Section 3, we then explain our algorithm. Section 4 evaluates our design. We finally conclude this paper along with future work in Section 5.
RELATED WORK
The scheduling scheme algorithm could be divided into two directions, one is determined scheduling scheme, which determines the redundant nodes based on geographic information, then make these nodes to be asleep; the other is random scheduling scheme which is independent of geographic information. The famous algorithm of front, such as SI algorithm [3] proposed by Siqueria et al., reduces the number of work nodes in the premise of ensuring regional coverage, as well as reduces network energy consumption. However, it does not apply to the general sensor network for it is based on clustering and single-hop wireless sensor network. Paul and others proposed the scheduling scheme [4] for dynamic clustering wireless sensor network to improve the node energy effectiveness. Its design for the feature of mobile node is based on cluster, so that it makes the redundant nodes to be asleep. However, the algorithm is highly relied on the position of the nodes, not suitable for general low duty cycle wireless sensor network.
The related research about random scheduling scheme is ongoing because it can adapt to the actual environment, such as Randomized Scheduling Scheme (RS) [5] , it firstly utilizes the energy model to calculate the energy consumption per node, but it is not suitable for a very wide range use because the calculation process is too simple to adapt to the actual environment. And in the Linear Distance-based Scheduling Scheme (LDS) [6] which is based on linear distance, the calculation process takes into account the distance between nodes, considers that the farther distance brings about the higher sleep probability, and reduces the energy consumption to a large extent. But, it does not ensure a uniform energy consumption of each node, so that some nodes fail obviously earlier than the other, thereby reducing the lifetime of the whole network. Based on the uniform energy consumption, the Balanced-Energy Scheduling Scheme (BS) [7] improved the scheme performance; it can ensure that each node uniform consumes energy, so that each node can work till most of the nodes fail at last, to extend the lifetime of the whole network. However, its design is suitable for high density cluster-based sensor network, couldn't directly use in the low duty cycle network. The well-known random scheduling scheme for the low duty cycle network is TOSS [8] , proposed by Cao et al. It is optimized for detection of rare and urgent events, considers the delay to be composed of detection delay and delivery delay, and proposes optimizations for both. However, it does not consider the conditions under low duty cycle with unreliable link quality between nodes due to low data transmission success ratio [9] . How to improve the delivery ratio as well as node energy consumption based on certain required delivery delay in low duty cycle with unreliable link quality, is the topic of our design.
SSE ALGORITHM
In the network having 100% link quality, all the communication between the nodes will be successful, does not need retransmission. Therefore, in the low duty cycle wireless sensor network, if the link quality is 100%, the network delivery delay is the sum of the sleep delay from the source node to the destination node. However, in practical wireless sensor network applications, due to the environmental signals as well as other reasons, the 100% link quality between the nodes is basically impossible to achieve [10] , so the communication failure is unavoidable, and the retransmission brings about too large delivery delay in the actual applications, because the node only wake one time in a cycle (typically tens of seconds or even longer), if the first transmission fails, then the current node must wait for the next cycle of the next hop (the receiving node) to continue the data transmission.
Our SSE algorithm includes the selection of the optimal path as well as the node scheduling scheme, which is based on the estimation of the delivery delay in different paths from the source node to the destination node. SSE selects the path which has the least delivery delay expectation as the optimal path, and the delivery delay is:
It is possible that the least delay couldn't satisfy the required delivery delay, so it needs to adjust the work slot of the current node (which has the message to be transmitted) or the next node(the next hop of the current node) during the delivery process, thus considers the required delivery delay as well as the uniform node's energy consumption of the whole network, so that the network lifetime extends. Set the link quality between two neighbor nodes A and B is P AB , then the success ratio after n retransmissions is:
Suppose the maximum number of retransmission for each node is N, the delivery delay between the nodes i and j in different path with k hops could be estimated as: As shown in Fig. (1) , we assume that the duty cycle T of each node is 100 seconds, the work slot in a cycle of the node A is
, and the node B is
, node C is
, P ij is the link quality between neighboring nodes i and j, N represents the maximum number of retransmissions in each node, that means the current node discards the packet when the retransmissions is greater than N. In Fig. (1) , the link quality between node A and node B is 0.6. Then the delivery delay between the A and C as the Equation 4 is estimated as follows:
In Equation 4 , n represents the number of retransmissions between nodes. In the low duty cycle wireless sensor network, nodes have randomly different work slots, which mean that the delivery delay between neighboring nodes is large. Our algorithm utilizes the solution to reduce this delay by increasing the work slot in a cycle of a current node.
Consider the two-hop link between nodes A and C, if the link quality is 100%, the delivery delay is E [d (AC)] = 47 + 48 + 8 = 103s. While consider the link quality as (Fig. 1) , assume that the maximum number of transmission is 3 (the probability of 3 times retransmission at the link quality 0.7 is (1-0.7) 3 = 0.027, that means, the probability of more than 3 times retransmission is already low, so this paper sets the maximum number of retransmissions at 3, namely N = 3, the expectation of the delivery delay between A and C is:
The delay increases to 1.5 times, this is only two hops, it will be more large in multi-hop transmission. Therefore, it's necessarily to use the appropriate strategy to improve the performance in unreliable link quality, thereby improving network efficiency.
As shown in Fig. (1) , the original T of node A and node B is {5} and {52} respectively, the link quality between A and B is 0.6, then the estimated delivery delay from nodes A to B is:
When the node B increases the work slot {15}, the duty cycle of node B becomes {15, 52}, now the new delay is:
The delay decreases obviously, while nodes increase a work slot but does not significantly increase energy consumption in low duty cycle network. It is obvious that this delay is not the least, the less the new slot interval between the two neighboring nodes, the lower the delivery delay could be achieve; the lowest value is achieved at the interval of 1. However, in practical applications of wireless sensor network, it's difficult to meet the case that the work slot interval between neighboring nodes is 1. Our algorithm adjusts the work slot of the current node during the delivery process from the source node to the destination node.
It is certain that the source node needs to have the information of the work slot and the link quality of each node along the possible delivery path for predicting the delivery delay. The work slot of each node can be obtained at the network initialization, but the following conditions will dynamically change the node's work slot: 1) the new node of the network; 2) no energy in some nodes; 3) nodes modify their work slot. While link quality between nodes can be obtained only after a few of communication processes and alters by the environment as well as other factors dynamically. Therefore, it is necessary to make all the nodes in the network get the accurate link quality and the work slot dynamically. A simple way to solve the problem is sharing this information with additional communication, but it requires more energy consumption, then decreases the lifetime of the network as well as provides some unnecessary communication interference. This paper proposes a new way to share these information based on the normal communication [11] . All the nodes in the network have their information table that includes the link quality as well as the work slot information and the remaining energy. During the initialization of the network, node i has all the nodes' work slot, and the default value of the link quality based on the statistics data in similar applications, is P avg . After a period of operation, each node has its own link quality from the actual communication; the new link quality is calculated as follow:
Where α, β are adjustment factors, in general, α=β=0.5. The nodes exchange their information with it's neighbor node during the normal communication process, thereby improving the accuracy of the estimation of the delivery delay. Of course, this process does not guarantee that all nodes in the network have the actual information of each node, especially in the initialization of the network and where network nodes environment as well as other factors change rapidly, it might affect the accuracy of the estimation. But the current node estimated the new delay from the current node to the destination node with its latest information, thereby improving the reliability of the prediction delay values. During the delivery process, the current node may increase its work slot dynamically. If the estimation of the delivery delay calculated by the current node i to the destination node j, satisfies the required delivery delay, it needn't increase the work slot; the tactics is as follow:
Eq. (6) In which the R(d) is the required delivery delay, if I i is false, node i needn't increase the work slot, Or if the I i is true, the current node compares the remaining energy with the next node, it increases its work slot if the current node has more energy than the next node, that is:
Eq. (7) In which the E remain (i) is the remaining energy of node i, or else, the current node estimated the new delay E i+1 (d(ij) ) by assuming that the next node increases its work slot, when the new delay satisfies the required delay, the current node needn't increase it's work slot, that is:
Eq. (8) Each node in the network makes decisions based on its information table, after estimation of the delivery delay, increasing the work slot, achieves the reliable packet delivery process. Our whole design is as follow:
Estimation of the Delivery Delay
Each node in the network has the data of the nodes distribution, work slots, link quality as well as the remaining energy after network layout. When one node (source node) needs to send data to the destination node, the source node estimates the delivery delay with Equation 4 , to determine the delivery path with the Equation 1.
Increasing the Work Slot
Packet delivery goes along the path from the source node to the destination node, the current node receives the packet, then calculates the delay from the current node i to the destination node; with Equation 4. To make decision that whether increasing the work slot, Equations 6-8.
Reliable Packet Delivery
Packet is transmitted sequentially until it reaches the destination node. Each node updates its neighbor nodes' information table during the communication process, then each node has the new situation of the whole network dynamically. Then, it could make the precise estimation as well as the adjustment. And the uniform energy consumption extends the network lifetime. We would testify in section 5 that our SSE could achieve increased lifetime as well as the less delay than others.
SIMULATION
In this section, we compared SSE with TOSS algorithm under the configuration of Table 1 about the minimum increased work slot and the network lifetime. With the wireless sensor network works, each node has less remaining energy, the network lifetime is over when 30% of the nodes has no remaining energy. And the minimum increase in work slot is the number of work slot during a delivery process from the source node to the destination node to satisfy the required delay. As shown in Fig. (2) , with the decrease in the required delay, the number of the increasing work slot would decrease in SSE as well as TOSS algorithm. But at the same required delay, SSE has less number than the TOSS. For example, in the case of required delay value 1000 seconds, SSE increases the number of work slot by 2 times, and TOSS by 4 times. With minimum required delay in the network, majority nodes on the path would increase their work slot. When all the nodes on the path have increased their work slot, the performance of SSE algorithm is equivalent to TOSS algorithm. But that is not the normal situation in low duty cycle network. Even if the required delay is 500 seconds, TOSS algorithm increases the minimum number of work slots to 17, while SSE algorithm increases the number to 15, SSE algorithm still has a higher performance than TOSS. That means, SSE could save more node energy consumption, and then extends the network lifetime. As shown in Fig. (3) , as the required delay increases from 500 seconds to 1000 seconds, SSE has 40% increased network lifetime than TOSS at 1000 seconds, while it has an extended 30% lifetime than TOSS at 500 seconds. Fig. (2) . The additional work slots in different required delivery delay. Fig. (3) . The network lifetime in different required delivery delay.
In Fig. 4 , when the required delivery delay is 500 seconds, with the increase of the nodes' work cycle, the network lifetime is significantly reduced for the node's sleep time turns to be less. And when the duty cycle changes from 1% to 5%, SSE could extends lifetime more than TOSS, that is nearly 40% in the best case, while 25% in the worst case. Fig. (4) . The network lifetime in different work slot percent.
SUMMARY
This paper focuses on how to extend the lifetime of the low duty cycle wireless sensor network as well as satisfies the required delivery delay. Simulation results show that our algorithm could extend the network lifetime better than others. But there still have some limitations in our algorithm, such as the estimation of the delay according to the direction from the source node to the destination node, so that from the source node to the destination node the delay could meet the requirement, but from the destination node to the source node in this path the delay is not the optimal. Improving the design to make the delay optimal at the two directions, will give a better performance in the future.
